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Abstract 

We propose a new fluid model of dark energy for — 1 < ojcs < as 
an alternative to the generalized Chaplygin gas models. The energy 
density of dark energy fluid is severely suppressed during barotropic 
matter dominant epochs, and it dominates the universe evolution only 
for eras of small redshift. From the perspective of fundamental physics, 
the fluid is a tachyon field with a scalar potential flatter than that of 
power-law decelerated expansion. Different from the standard ACDM 
model, the suggested dark energy model claims that the cosmic ac- 
celeration at present epoch can not continue forever but will cease 
in the near future and a decelerated cosmic expansion will recover 
afterwards. 

1 Introduction 

Recent cosmic observations, including Type la Supernovae[Il [2], Large Scale 
Structure (LSS)[3lll|5l|6l[71|8] and Cosmic Microwave Background (CMB)[9l 
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\TU\ [TT| \T2\ have independently indicated that the universe is currently under- 
going an accelerated expansion phase. The source for this late time cosmic 
acceleration has been dubbed "dark energy" , which is distinguished from or- 
dinary matter species such as baryons and radiation in the sense that it has a 
negative pressure. The cosmic accelerated expansion of the Universe occurs 
when the gravitational force produced by the barotropic ordinary matter is 
counteracted by the negative pressure of dark energy. Despite many years of 
research and much progress, the nature and the origin of dark energy have 
not been confirmed yet. 

Phenomenologically, the best candidate of dark energy that is perfectly 
consistent with the current observation data is the so-called cosmological 
constant (CC) A which was introduced by Einstein in his gravitational field 
equations [13]. However, CC explanation for dark energy encounters some 
fundamental obstacles in physics, e.g., the fine-tuning problem and the coin- 
cidence problemfll]. From the particle physics perspective, the CC should 
be interpreted as the energy density p^ac of the quantum vacuum, which is 
close to Planck density Mp {Mp = l/y/SirG is the reduced Planck mass) in 
magnitude. The observed value of the dark energy density is much less than 
that, pobs ~ 10~^^^p^ac- Eliminating this great difference of about 123 orders 
of magnitude between the observed value of dark energy and that estimated 
from quantum field theory requires some severe fine-tuning mechanisms to 
work[^ [m [m [Ml [m [2ni E]. On the other hand, even if this fine-tuning 
problem could be evaded, the coincidence problem remains due to the fact 
that the vacuum energy is time independent and non-dynamical. 

The resolution of CC problems has probably to wait for the advent of a 
satisfied quantum theory of gravity in 4-dimensional spacetime. As a tempo- 
rary expedient in cosmology community, the fine-tuning problem is assumed 
to have been solved for some underlying reasons: CC is zero for some rea- 
son and dark energy that drives the late time cosmic accelerated expansion 
has nothing to do with it. Notice that the observations actually say little 
about the time evolution of the equation of state (EoS) of dark energy, re- 
searchers have proposed many alternative models (see Review article P2] and 
references listed therein) to explain the late time cosmic acceleration and al- 
leviate the corresponding coincidence problem, among which the Chaplygin 
gas model [23] appears very interesting. In such a simple model, the accel- 
eration of the universe at late times is due to an alien fluid that has the 
specific EoS p = —A/p, with A a positive constant. The intriguing charac- 
teristic of Chaplygin gas is that in the fiat Robert son- Walker background. 
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ds^ = —dt^ + a?{t)dx^ {a is the scale factor of an expanding universe), 



P 




(1) 



where B is an integration constant. At early times when a <^ (B/AY^^, the 



a ^ {B/Ay/^. The Chaplygin gas model of dark energy suffers from strong 
observational pressure from explaining CMB anisotropics [24]. This short- 
coming is alleviated in a generalized Chaplygin gas model introduced in [25] 
with p = —A/p'^. However, it follows from the observational data that the 
parameter a is severely constrained within the range < a < 0.2 at the 95% 
confidence level, implying the little difference between the time dependent 
generalized Chaplygin gas and the time independent cosmological constant. 

In this paper we study a new kind of fluid models of dark energy, whose 
EoS is phenomenologically suggested to be 



where sinc(^) := sin(,^)/,^, /i is a dimensionless fine-tuning parameter, and 
p^^^ is assumed to be the present energy density of the dark energy fluid. Our 
aim is to examine to what extent this fluid model can deviate from the time 
independent CC. The investigation is restricted at the background level. We 
find that during the matter era the energy density of suggested dark energy 
fluid is suppressed compared to that of dark matter, satisfying the require- 
ment for the sufficient growth of large-scale structure and the constraint of 
the universe age problem. The onset of late time cosmic acceleration occurs 
around the redshift z ~ 0.6. The coincidence problem why the accelerated 
expansion of the universe is rephrased as why the EoS of dark energy fluid 
takes the suggested form, for which we have proposed a tachyon interpreta- 
tion originated from superstring theory. Throughout the paper we adopt the 
Planck units c = h = Mp = 1, and assume that there is no direct interactions 
between different fluids. 



EoS of the pure CC is p = — p, where both p and p are constant as we 
can see from the energy conservation equation when dark energy does not 




p = —p + psinc(p7rp*^ ' / p) 



(2) 
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couple with barotropic fluids. In obtaining a dynamical dark energy fluid 
that deviates from pure CC, we can simply amend the EoS of such a fluid to 
p = —p + F{p) with an energy density dependent function F{p). Since lots 
of astrophysical data support the pure CC behaviour of dark energy fluid in 
the present time, we choose 

F(p)=psinc(/i7rpW/p) (3) 

EoS of the supposed dark energy fluid can alternatively be described by the 
ratio (jj = pI p, which turns out to be 

u = -1 + sinc(p7rp(°Vp) (4) 

In view of the astrophysical constraint on the universe age [26], we simply 
take the value of fine-tuning parameter p to be p ~ 0.931 in this work (See 
explanation below Eq. fl2^ ). Thus, at large redshift, p ^ p^^\ to 0. While 
at present, p ~ p^'^\ to ~ —1. 

To obtain a viable dark energy model we have to require that the en- 
ergy density of dark energy fluid remains negligible during the barotropic 
matter dominating eras, emerging only at late times to give rise to the cur- 
rent observed accelerated expansion of the universe. Therefore, we assume 
the coexistence of some independent barotropic fluids with suggested dark 
energy fluid in the model. EoS of these barotropic fluids is assumed to be 
'^b = Pb/ pb, where for simplicity cob = Const0. The Friedmann equations in 
the flat Robertson- Walker background read 

3H' = p + Y,Pb (5) 

b 

2H=-p-p-J2(l + coh)pb (6) 

b 

where H := a/a is the Hubble parameter, and a dot denotes the derivative 
with respect to the cosmic time t. The dark energy fluid is supposed not to 
interact with the barotropic fluid. Therefore, 

p + 3H{p + p) =0, pb + 3H{l + uJt)pb = 0. (7) 
The solutions to these two equations are 

2 arctan[a^ tan(p7r/2)] 



^If the barotropic fluid consists only of the cold dark matter, we have uJb = = 0. 
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and 

(0) 

respectively. Notice that for radiation = cu^ = 1/3 but for a non- 
relativistic matter Ub = Um = 0. To examine whether the onset of the 
late time cosmic acceleration occurs around the redshift z ~ 1, we have to 
study the variation of dimensionless energy density of suggested dark energy 
fluid 

with respect to the redshift variable z, which is related to the scale factor 
a{t) by relation a = l/{l + z). Using z, the Friedmann equation ([5]) becomes 



3H'{z)=p + J2Pb\^ + ^ 



which implies, 



^=Y^E"r(i (11) 



'0 



b 



where Hq is the present value of the Hubble rate, ^ ^ 2998/i ^Mpc and 
h ^ 0.72. In Eg. (ITT]) and afterwards we use 

to stand for the dimensionless energy densities of dark energy and barotropic 
fluids at present epoch respectively. Sometimes E{z) := H{z)/Hq is called 
the scaled Hubble expansion rate. With f2 and Eq.(IH]) becomes. 



2ilarctan[(l + tan(/i7r/2)] 
The equivalence of this equation and Eq.l ITT]) indicates 



2arctan[(l + z)-3tan(/i7r/2)] 



+ + (13) 



b 



By using the redshift variable z and Eq.([8]), we can rewrite the acceleration 
equation as 

/i7rn(°)(l + 2)3tan(/i7r/2)) 



d /H^ 

TzKhI) ~ {l + z) [2((l + z)6 + tan2(/i7r/2)) arctan2((l + z)-3tan(/i7r/2)) 
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n3(1+W6) 



(14) 



Obviously, (fT^ is the solution of Eq. flTl]) under the initial condition H{z)\z=o = 
Hq. The change of dimensionless energy density of dark energy fluid with 
respect to redshift z is given by 



n 



/iTrr^W + 2arctan[(l + z)-Han{i2iT / 2)] Eb^^i°^(l + z^i^+^b^ 



(15) 



In FIG.l, we show the f2 ~ z plot for the suggested model, where we have 
assumed that the barotropic fluids consist of radiation and non-relativistic 
cold dark matter, and chosen ^ 0.73, n^^^ ^ 0.27 and ^ 8.1 x 10"^ in 
consistent with the current observations [26j . Different from CC, the energy 
density of dark energy fluid in the model under consideration evolves, which 
remains non-zero for a considerable duration so that the coincidence problem 
is alleviated. The redshift dependent Q reaches its maximum fluax = 1 at 
z = —1 while for both z > —1 and z < —1 cases it decays monotonously. The 
suggested dark energy dominates the universe energy only for small redshift 
stages (—2.6 ^ z < 0.6). When z ^ 0.59 (or z ^ —2.59), is caught up with 
by that of cold dark matter. In the duration for z ^ 0.59 (or z ^ —2.59) 
the energy density of dark energy fluid is considerably suppressed so that the 
sufficient growth of large-scale structures in the universe is allowed. 

In terms of redshift z, EoS of the dark energy fluid defined in Eq.(jl]) 
becomes, 



UJ 



-1 + 



;i + ;z)3tan(/i7r/2) 



(16) 



[(1 + zf + tan2(/i7r/2)] arctan [(1 + z)-3 tan(/i7r/2)] 

From ( I16p . one has a non-phantom dark energy in the considered model, 
— 1 < a; < 0. This conclusion remains even if the independent barotropic 
fluids in the background are taken into account. In that case, u is replaced 
by the so-called effective EoS u^s, defined as 



(0) 



It follows from Eq.(|8]) that. 



(0) 

Pb 



2Q 



(0) 



arctan 



1 + z)"^tan(/i7r/2) 



(17) 



(18) 
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Figure 1: The change of Q with respect to z in the model under consideration. 
We assume that the barotropic fluids consist of radiation and non-relativistic cold 
dark matter, and choose ^ 0.73, ^ 0.27 and 1^^°^ 8.1 x 10"^ When 
z ~ 10, ri ~ 0.33 while when z ~ 10^, Q ~ 0.0015. The energy density of the 
suggested dark energy fluid decays monotonously for both z > —1 and z < —1 
cases, which dominates only for the small redshift stage (—2.6 ^ ^ ^ 0.6). 



Hence, 

_ ^vrl^Ww + 2arctan[(l + z)-Han{^n/2)] Eb^f-^i^^ll + zf^'^^'^^'^ 
finn^o) + 2arctan[(l + z)-Han{fxTr/2)] Efe^^i (1 + zf^^+'^b^ 

(19) 

Cosmological acceleration occurs when Ucs < —1/3. By assuming 
0.73, n^^^ ^ 0.27, ni^^ ^ 8.1 X 10-5 and fx ^ 0.931, we plot Eqs.([T9D and ([16]) 
in FIG. 2, from which we see that —1 < < 0. In this model, u^s < — 1/3 
is possible only for —2.6 ^ z < 0.6. There are two critical redshift points 
in the model under consideration, Zc ~ 0.6 and Zc ~ —2.6. The former that 
corresponds to the instant when the cosmological deceleration dominated by 
barotropic matter ceases but the late time acceleration dominated by dark 
energy fluid starts is the past critical redshift. The latter is the future critical 
redshift, which predicts an incoming instant when the present cosmological 
acceleration dominated by dark energy fluid ceases but the decelerated ex- 
pansion dominated by barotropic matter recovers. When the universe enters 
into the acceleration phase can alternatively be estimated by the deceleration 
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0.2 h 




Figure 2: EoS of the suggested dark energy and effective EoS. We have assumed 
that PS 0.73, n^^^ 0.27, « 8.1 x lO'^ and // 0.931. Both lj and a;efF 
are bounded between —1 and 0. Ues < —1/3 occurs when —2.6 ^ z < 0.6. 



parameter g, defined by 

d (1 + z)dH , , 

Substitution of Eqs.(III]) and dUD into (EQl) gives, 

3arctan[(l + z)^'^ tan(/i7r/2)] 



g = -1 + 



/i7rfi(o) + 2 arctan[(l + tan(/i7r/2)] J2b ^ (1 + 
/i7rn(°)(l + z)3tan(/i7r/2) 
2arctan2[(l + z)-3 tan(/i7r/2)][(l + z)6 + tan2(/i7r/2)] 



(21) 

The universe enters an acceleration phase when q < 0, which corresponds to 
-2.6 <z<O.Q when we assume ^ 0.73, fi^^^ 0.27, ^ 8.1 x 10"^ 
and fi ~ 0.931. See FIG. 3 for detaih When z approaches zero, q ~ —0.56, 
which is in perfect agreement with the prediction {q ^ —0.55) of ACDM 
model of cosmology. 
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Figure 3: The deceleration parameter q in tlie considered model, where we assume 
^ 0.73, w 0.27, VL^'^ ^ 8.1 x lO^^ and fi ^ 0.931. q < occurs for 
-2.6 < z < 0.6. 



Let us now estimate the age of the universe in the present model. The 
cosmological time t at any redshift z is determined by formula 



t :-- 



oo 

dz' 



l + z')H(z') 



The age to of the universe is then obtained by setting z = in the above 
equation. For the model under consideration, 

oo 

If dz' 
to = -n- , = 22 

Ho J n , I f^Trnm , nW 



U + ^ Jy 2arctan[{l+^')-^tanW2)] ^ K'- ^ ^ ) ' 

We can integrate the integral in Eq.f l22p numerically with the initial condi- 
tions fi|2=o = fi*-*^^- The value of to depends strongly upon what the fine- 
tuning parameter /i is assigned. We show this dependence in TABLE I by 
listing the possible values of to for several values of parameter /x, where we 
have taken ^ 0.73, fi^^ ^ 0.27, ^ 8.1 x 10"^ as before. To be 
consistent with the stellar age bound: to > H — 12 Gyr, the value of fi can 
not be too small (yU > 0.738). In this paper we choose fi ~ 0.931, which 
leads to to ~ 13 Gyr. Hence the suggested dark energy model is free of the 
problem of universe age. 
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/i 


0.70 


0.73 


0.738 


0.75 


0.80 


0.85 


0.90 


0.931 


0.95 


0.98 


to (Gyr) 


10.76 


10.95 


11 


11.08 


11.48 


11.95 


12.55 


13 


13.31 


13.85 



Table 1: The dependence of universe age upon the choice of the fine-tuning pa- 
rameter /i in the suggested model, where we have taken J7(o) 0.73, fi^^ 0.27, 
q!^^ 8.1 X 10~^. To satisfy the stellar bound on the age estimation, the magni- 
tude of n has not to be less than 0.738. 

3 Dynamical mechanism 

The suggested fluid model of dark energy is consistent with the cosmologi- 
cal observation data (at least at the background level). It provides a phe- 
nomenological explanation to the late time cosmic accelerated expansion and 
alleviates the coincidence problem to some extent. What is the dynamics be- 
hind such a phenomenological approach? From the perspective of particle 
physics, the existence of a time dependent dark energy fluid implies that there 
is massive scalar field (p such as quintessence, phantom or tachyon coupled 
to gravity with a very flat scalar potential V{(j)) [H]. Because — 1 < w < 0, 
the suggested model might be associated with a tachyon field emerging from 
the scenario of superstring theory. The effective Lagrangian of a non-BPS 
D3-brane tachyon field reads, 

5 = - y d'xV{<P) ^J-det{g,, + ^,ct>^,ct>) (23) 

where V{(l)) is the tachyon potential. The energy momentum tensor deter- 
mined by the action fl23l) has the form 

-WWWI. - «-''<^) /^^^^W (24) 

yi + ^"P9„0(9/30 ^ 



T 

The energy density and the pressure density of this tachyon field are 

Irp ■ 



-Tq° and = |Tj In a flat FRW background it leads to 



p=^^M=, p=-y(0)Vl-02. (25) 



It follows from Eq.( l25l) that EoS of the tachyon field has the form p = 
—V'^{(f))/ p. Hence the Chaplygin gas with EoS p = —A/p (where A is a 
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positive constant) can be mimicked by a tachyon field with a constant po- 
tential. We now try to find the tachyon potential behind the suggested fiuid 
model of dark energy with EoS given in Eq.(jl]). The Friedmann equation 
and the equation of state of the tachyon field are 



r2 P y{4>) P 12 



H' = '- = —j^^, u, = ^- = <P'-l. (26) 



Manifestly, — 1 < < 0. By identifying and p^f, with u and p given in 
Eqs. (fTB]) and ([HD respectively, we get 



da V 1 + Ci^cL^ 

where a = tan(/i7r/2) and 



^ = /3a/^^ (27) 



1 2a 

The solution of Eq.(l27l) which satisfies the initial condition 0|a=o reads, 

<P{a) = l^a'/\F,[y--,l-,-a\') (29) 

where 2-^1 (a, b; c; () is a hypergeometric function. The dependence of scalar 
potential for the suggested dark energy tachyon field upon the scale factor a 
is found to be 



V{a) = — °- — ^iTT , — ^ 30 

2 arctan(Q;a-^) y (1 + a'^a") arctan(Q;a-^) 

Combination of Eqs.( l29|) and ( 130|) enables us to further obtain V{4>). It is 
difficult to have an analytical expression for V{(j)) in the present case, we 
choose to plot the potential curve in FIG. 4 instead. As expected, such a 
tachyon potential is not as steep as a reference potential V{4>) oc of 
inverse square power-law of the power-law decelerated expansion [27]. It 
is a competent tachyon potential responsible to an accelerated cosmological 
expansion. 
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2.2 



2.1 
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Figure 4: The solid curve stands for tiie scalar potential of the tachyon field that 
mimics the suggested dark energy fluid, where 17^'^) w 0.73, /x w 0.931, a 9.19 
and /? f« 0.093/i/o- The dashed curve is a reference potential F(</>) oc of 
power-law decelerated expansion. The two potentials take the same initial value 
at ~ 0. 03/^^0 • Obviously, the former is much flatter than the latter so that it 
can result in a late time accelerated cosmological expansion. 

4 Discussion 

In this paper we propose a new fluid model of dark energy as an alterna- 
tive to the Chaplygin gas model. The energy density of dark energy fluid 
in the suggested model is considerably suppressed in the barotropic matter 
dominant eras, and it dominates the universe energy only for cosmic times of 
small redshift. The model is in perfect agreement with the standard ACDM 
model of cosmology on the present values of effective EoS of dark energy and 
deceleration parameter, and is free of the age problem of Big Bang model. 
To understand the model in a dynamical manner, we interpret the fluid as a 
tachyon field with a special potential, which is flatter than the inverse square 
power-law potential of the decelerated power-law expansion. Phenomeno- 
logically, there are two differences between our model and ACDM model in 
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which the dark energy is viewed as a pure CC. The cosmic accelerated ex- 
pansion will continue forever in ACDM model. In our model the universe is 
predicted to end up its present accelerated expansion in the near future (at 
z ~ —2.6) and reenter a decelerated expansion phase afterwards. Moreover, 
the severe coincidence problem of ACDM model has been remarkably allevi- 
ated in our model. The investigation to this model in the present work is at 
the background level, it is unknown if there exists in the suggested model a 
strong integrated Sachs- Wolfe (ISW) effect prohibiting the creation of CMB 
anisotropy. The study on curvature perturbations in the model is in progress, 
from which we will know whether the model would be free of the pressure 
from CMB anisotropics. 
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